Novel microstrip lowpass filters are developed with reduced size and significantly improved stopband characteristics. After introducing quarter-wavelength open stubs, we get one or two transmission zeros in the stopband. By folding the high impedance microstrip lines, we reduce the size of the filter. Three-pole and five-pole lowpass filters are designed, and their measured frequency responses agree well with theoretical predictions.
Introduction
Small-sized and high-performance RF/microwave planar filters are demanded in many applications. Among microstrip lowpass filters (LPFs), stepped-impedance L-C ladder type lowpass filters are most widely used. Short lengths of high and low impedance microstrip lines are cascaded alternately to approximate lumped L-C ladder type lowpass filters [1] , [2] .
The microstrip stepped-impedance lowpass filter is simple in structure and easy to design. On the other hand, it suffers from a number of apparent shortcomings. First, it is large in size, usually too long in length. Second, its stopband response is poor, with much smaller attenuation than predicted by its prototype filter. Third, a high impedance line may results in inordinate demand of fabrication tolerance.
There are a number of methods to improve the stopband characteristics of LPFs. For example, we can use a higher order degree filter, which will, however, result in a bigger circuit size and a larger insertion loss. We can also choose designing an elliptic or quasi-elliptic function LPF by inserting parallel-resonators in the series branches of a LPF, or series-resonators in the shunt branches. However, the design formulas, if available, are more complicated than those for maximally flat or Chebyshev response filters [2] . Finally, we can try to produce transmission zeros by introducing cross-couplings between non-adjacent reactive elements in a LPF. Levy developed an approximate synthesis method for a LPF having a pair of transmission zeros [3] . Hong improved that method by providing some more accurate tables and formulas that were obtained by curve fitting [4] . Their method is simple and useful in many cases, but is a) E-mail: ma@ees.saitama-u.ac.jp feasible only for filters with a even number of resonators.
In this paper, a novel microstrip lowpass filter with reduced size and improved stopband characteristics is proposed. By introducing one or two quarter-wavelength open stubs at the input and/or output of the filter, we produce one or two transmission zeros at desired frequencies in the stopband, and therefore obtain a sharp rate of cutoff and greatly increased attenuation. The high impedance lines are folded, and hence the length of the filter is reduced significantly. This is particularly true in the case of a higher degree of filter.
The idea of using quarter-wavelength open stubs to produce transmission zeros can be found in some previous papers. For example, [5] and [6] discussed how to use tapped half-wavelength coplanar waveguide (CPW) resonators to get multiple transmission zeros and hence improve the skirt characteristics of a filter. The discussions were made for CPW bandpass filters. Therefore, both the structure and the design method of the filter are mostly different with those of this work which deals with microstrip lowpass filters.
In section 2, a three-pole microstrip lowpass filter with conventional stepped-impedance layout is designed and measured first for later comparison. Next, our newly developed three-pole and five-pole lowpass filters are described, including their design process and measurement evaluation. It is shown that the measured filtering characteristics of the designed filters agree well with theoretical predictions.
Filter Design and Measurements
A three-pole Chebyshev response lowpass filter is considered first. The specifications are: cutoff frequency f c =2.5 GHz, passband ripple 0.1 dB, source and load impedance Z 0 =50 Ω. The L-C ladder type circuit of the lowpass filter is shown in Fig. 1 , where the values of L and C elements are determined by using the well-known formulas in [1] , together with the above specifications.
The filter is realized first by using the conventional microstrip stepped-impedance layout shown in Fig. 2 . A commercial substrate (MCL-E-67) with a relative dielectric constant of 4.23, loss tangent of 0.025 at 2 GHz, and thickness of 1.20 mm is used. The strip width of the input/output feed lines is chosen as 2.2 mm, to get a characteristic impedance of 50 Ω.
The L and C elements in Fig. 1 are realized by using high and low impedance microstrip lines, respectively. A very high impedance results in a very narrow line width, which in turn requires a critical fabrication tolerance. In order to avoid the cost of high-precision fabrication, the width of the high impedance line in this work is chosen as 0.8 mm.
The width of the low impedance line is chosen as 3.0 mm. The initial lengths of the high and low impedance lines are found by using the following approximate formulas [2] :
where L and C are the reactive element values shown in Fig. 1 , l L and l C are the lengths of the high and low impedance lines shown in Fig. 2 , λ gL and λ gC are the guided wavelengths, and Z 0L and Z 0C are the characteristic impedances of these L-and C-lines, respectively. With the initial dimensions of the LPF, the filtering characteristics are then simulated by using Sonnet em [7] , a commercial electromagnetic (EM) solver based on the moment method. In most cases, it is found that the passband response of the LPF does not satisfy the required specifications. In order to improve the passband response of the filter, we need to make adjustment of the dimensions of the filter. In the case of the 3-pole LPF, we have two parameters, the lengths l L and l C of the high and low impedance lines shown in Fig. 2 , to be varied. The adjustment of l L and l C can be done using the parameter-sweep option of Sonnet em to get a satisfactory passband response. This is an EM-based optimization of the filter's geometrical parameters, which can be employed when the number of parameter variables is small and the EM computation time is endurable.
Another computationally more effective optimization method is the circuited-based approach [8] , which can be implemented, for example, by using ADS, a circuit analysis simulator [9] . Referring to the equivalent circuit in Fig. 1 , we see that there are two parameters (or say variables), L and C, to be adjusted. We choose the ideal frequency response, S 11 ( f ) and S 21 ( f ), as the initial function, and the EM-simulated response, S t 11 ( f ) and S t 21 ( f ), as the target function. Then we minimize the following error function, which represents the difference between the initial function and the target function, by using an optimization algorithm [8] .
Here f n is the sample frequency, N is the number of samples in the passband of the filter. As a result of the optimization, the detuned values of the L-and C-parameters are found, from which the lengths, l L and l C , of the high and low impedance lines are adjusted.
The final geometrical dimensions of the three-pole filter are shown in Fig. 2 . The designed filter is fabricated and its measured frequency response is shown in Fig. 3 by solid lines. The dotted lines in Fig. 3 are the simulated results by Sonnet em, and they agree well with the measured ones. The unexpected dents in the measured curves are caused by some mismatch between the filter's input/output lines and the feeding SMA connectors of our test fixture. Fig. 3 shows that the stopband response of the conventional stepped-impedance microstrip lowpass filter is very poor. The attenuations in the stopband do not fall to values as large as predicted by the lumped-element circuit in Fig. 1 .
In order to obtain a sharper rate of cutoff and larger attenuations in the stopband, it is desirable to introduce transmission zeros at finite frequencies in the stopband. As mentioned in the Introduction, for the 3-pole filter shown in Another method usually used is to introduce some crosscoupling between L 1 and L 3 to produce one transmission zero at a desired frequency in the stopband [2] , [10] .
We propose here a novel and easy to implement method to produce one or two transmission zeros to improve the stopband characteristics of a lowpass filter. Take the filter in Fig. 1 as an example, the structure of our new filter is shown in Fig. 4(a) . We use also short lengths of high and low impedance lines to approximate lumped L and C elements in Fig. 1 . The high impedance lines are bent to the lower side of the input/output lines. At the upper side, quarterwavelength open stubs are introduced, one is connected to the input, and the other to the output, to produce two transmission zeros in the stopband.
The design of this filter includes mainly three steps. First, the initial lengths of the high and low impedance lines are determined in a similar way described above for the stepped-impedance LPF in Fig. 2 , using the approximate formulas (1) .
Second, the lengths l sb1 and l sb2 of the open stubs are chosen as here λ g1 and λ g2 are guided wavelengths of the open stubs at frequencies f p1 and f p2 , respectively, where the desired transmission zeros occur. The strip width W sb of the open stubs is arbitrary, and is chosen as 1.0 mm here. The connecting positions of the open stubs with the input/output are chosen close to the high impedance lines. In this example, l st is chosen as 2.0 mm. However, it is worth to note that our simulation results reveal that the frequency response of the filter is not sensitive to the variation of l st . When l st is changed from 2.5 mm to 2.0 mm, and then to 1.5 mm, the simulated frequency response curves of the filter varied so little that they can be hardly discriminated from each other in the same figure.
Moreover, it should be noted that the positions of the two transmission zeros in the stopband can be moved separately by changing the lengths of the left and right open stubs in Fig. 4(a) . If we need only one transmission zero, we can use only one open stub at either the input or output of the LPF.
The final step of the design is to make appropriate adjustment of the lengths of the high and low impedance lines to get desired passband response of the filter. The adjustment process is the same as that described above for the stepped-impedance LPF. We can use either a circuit-based optimization, or an EM-based optimization. We can even combine both of these optimization processes. The final geometrical dimensions of the filter are shown in Fig. 4.(b) . Fig. 4(b) using Sonnet em, and the dotted lines are computed based on the lumped-element circuit in Fig. 1 . As expected, the new filter owns two transmission zeros at about 4.4 and 5.6 GHz, respectively, and shows greatly increased attenuations in the stopband.
The filter designed above is fabricated using the MCL-E-67 substrate. In Fig. 6 , the measured frequency response (solid line) is compared with the simulated one (dotted line by Sonnet em), and a good agreement is found. As ex- plained above for Fig. 3 , the dents in the measured curves are caused by some mismatch between the input/output of the filter and the feeding SMA connectors of our test fixture. In our next five-pole filter example, narrower input/output microstrip lines are used, and the mismatch between the input/output of the filter and the feeding ports of the test fixture is removed. As a result, smooth measurement curves are obtained as shown later.
The spurious passband in Fig. 5 and 6 begin to occur at about 6 GHz. This spurious passband can be moved away up to higher frequencies if higher characteristic impedance is used for the inductive lines in Fig. 4 .
The MCL-E-67 substrate is a cheap and lossy substrate (loss tangent 0.025 at 2 GHz). However, the measured passband insertion loss in Fig. 6 is quite small. The result encourages us to use this type of cheap substrate to develop high performance lowpass filters at low costs.
Next, a five-pole Chebyshev response lowpass filter is developed. We try to use another type of commercial substrate R-4728. This substrate has a relative dielectric constant of 10.2, loss tangent of 0.004 at 2 GHz, and thickness of 0.78 mm. The design specifications are the same as those of the three-pole filter above. The lumped-element L-C circuit of the filter is given in Fig. 7 .
The proposed microstrip structure of the five-pole filter is shown in Fig. 8 . The high impedance lines are folded into meander lines, thus the overall length of the filter is re- duced significantly. The strip width of the input/output line is 0.7 mm, which corresponds to a characteristic impedance of 50 Ω. The strip widths of the high impedance lines and the open stubs are 0.3 mm. The filter is designed following the procedure of the three-pole filter described above. Fig. 9 is a photograph of the fabricated five-pole low-pass filter. In Fig. 10 , the measured frequency response (solid line) is compared with the simulated one (dotted line by Sonnet em), and a good agreement is observed. At about 4.1 and 4.5 GHz, two transmission zeros occurred due to the quarter-wavelength open stubs at the input and output of the filter. As a result, a sharp rate of cutoff is realized near the passband. The passband insertion loss is also found to be very small. The spurious passband in Fig. 10 occurs around 5 GHz. This spurious passband can be moved away up to higher frequencies if higher characteristic impedance is used for the inductive lines in the filter.
Conclusions
Three-pole and five-pole microstrip lowpass filters are developed successfully with reduced size and improved stopband characteristics. While the size reduction is accomplished by folding the high impedance lines, the improvement in frequency characteristics is realized by introducing quarter-wavelength open stubs, which in turn produce transmission zeros in the stopband. The filter is easy to design, and the positions of the transmission zeros are easy to control. The described methods can also be employed in the design of other types of RF/microwave filters.
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